The conserved spliceosomal U1-70K protein is thought to play a key role in RNA splicing by linking the U1 snRNP particle to regulatory RNA-binding proteins. Although these protein interactions are mediated by repeating units rich in arginines and serines (RS domains) in vitro, tests of this domain's importance in intact multicellular organisms have not been carried out. Here we report a comprehensive genetic analysis of U1-70K function in Drosophila. Consistent with the idea that U1-70K is an essential splicing factor, we find that loss of U1-70K function results in lethality during embryogenesis. Surprisingly, and contrary to the current view of U1-70K function, animals carrying a mutant U1-70K protein lacking the arginine-rich domain, which includes two embedded sets of RS dipeptide repeats, have no discernible mutant phenotype. Through double-mutant studies, however, we show that the U1-70K RS domain deletion no longer supports viability when combined with a viable mutation in another U1 snRNP component. Together our studies demonstrate that while the protein interactions mediated by the U1-70K RS domain are not essential for viability, they nevertheless contribute to an essential U1 snRNP function. I N metazoans, the majority of precursor messenger ing the U1 snRNP to the 5Ј splice site through protein/ protein interactions with regulatory splicing factors RNAs (pre-mRNAs) contain one or more introns that must be removed to generate functional RNA mole- (Kohtz et al. 1994; Jamison et al. 1995; Cao and GarciaBlanco 1998). cules. This processing event, known as RNA splicing, is carried out by the spliceosome, a catalytic RNA-protein
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N metazoans, the majority of precursor messenger ing the U1 snRNP to the 5Ј splice site through protein/ protein interactions with regulatory splicing factors RNAs (pre-mRNAs) contain one or more introns that must be removed to generate functional RNA mole- (Kohtz et al. 1994; Jamison et al. 1995; Cao and GarciaBlanco 1998) . cules. This processing event, known as RNA splicing, is carried out by the spliceosome, a catalytic RNA-protein In extracts from cultured mammalian cells, U1-70K interacts with members of the SR protein family to medimachine composed of five snRNAs and ‫003ف‬ proteins (Jurica and Moore 2003) . Assembly of the spliceosome ate recruitment of the U1 snRNP to the 5Ј splice site. One of the best-studied examples of this type of interacon its pre-mRNA target occurs in several stages from the preassembled U1, U2, U4, U6, and U5 small nuclear tion is with the ASF/SF2 protein (Caceres et al. 1993 ; ribonucleoprotein particles (snRNPs) and a set of proteins Eperon et al. 1993; Woppmann et al. 1993 ; Wu and that are loosely associated with the snRNPs. The U1 Maniatis 1993; Kohtz et al. 1994; Jamison et al. 1995 ; snRNP, which is recruited to the 5Ј splice site early Cao and Garcia-Blanco 1998) . The interaction bein the spliceosomal assembly pathway, contains the U1 tween these two proteins is mediated by arginine-/sersnRNA, whose 5Ј sequence is complementary to the 5Ј ine-rich (RS) domains located at the C termini of each splice site, a set of seven Sm proteins shared with the other protein. Because both U1-70K and at least one SR prospliceosomal U snRNPs and three U1-specific proteins:
tein are essential for splicing in vitro, it was anticipated U1-70K, U1-A, and U1-C. Although in most cases the that the interaction between the two proteins would be individual contributions of the U1-specific proteins are essential for recruitment of the U1 snRNP to the 5Ј splice still poorly defined, studies from several different organsite and splicing. However, recent studies have suggested isms have suggested that U1-70K plays a key role in targetthat this is not universally true, as splicing of a number of substrates is not impaired when the RS domain of ASF/SF2 is deleted (Eperon et al. 2000; Zhu and Krainer 2000) . Given that ASF/SF2 is but one member of the 1 RNA-protein complexes, and Northern blot analysis were carto regulatory RNA-binding proteins, studies directly testried out as previously described (Stitzinger et al. 1999 The Drosophila genome encodes a set of proteins that we find that when the U1-70K RS deletion allele is comare clearly orthologous to each of the human U1 snRNPbined with a viable mutation in another U1 snRNP comspecific proteins, except that the U1-A counterpart, enponent, the double-mutant animal dies during embryocoded by the sans-fille (snf) gene, also fulfills the funcgenesis. Our finding that the U1-70K RS domain becomes tion of the U2 snRNP-specific protein, U2-BЈЈ (Mount essential in a splicing-compromised background thus and Salz 2000). Although the putative U1-70K ortholog demonstrates that the protein links mediated by the U1-was identified on the basis of sequence conservation 70K RS domain are part of a redundant network of over 14 years ago (Mancebo et al. 1990 ; Figure 1) for P-element insertions located in or near U1-70K and were found to contain deletions extending from the original identified a recessive lethal called l(2)02107, which consite of the P-element insertion. Of these, U1-70K ON35 proved tained a P-element insertion in the 5Ј UTR of the U1-70K
to be the most useful for this study. Descriptions of marker mutations and balancers not listed in the text are described transcription unit (Spradling et al. 1999) . Homozygous on FlyBase (http:/ /www.flybase.org). All crosses were carried mutant animals complete embryogenesis with no consison standard Drosophila medium at room temperature (22Њ).
tent cuticular phenotype, but never hatch (data not P-element-mediated transformation and genetic rescue exshown). The embryonic lethality is rescued by both a periments: The P{hs::U1-70K} rescue construct was generated transgene carrying the U1-70K coding sequence under by subcloning a natural EcoRI fragment into the pCaSpeRhs transformation vector (Thummel et al. 1988 A definitive null allele, U1-70K
ON35
, was isolated by select-(56% identical) followed by a 73-amino-acid RNA recognition motif (81% identical) and a 30-amino-acid glying for male-recombination events involving the P-element in U1-70K
1
. Sequencing of this allele shows that cine-rich region (G-rich, 84% identical). Following these highly conserved motifs is an arginine-rich region, excision of the P-element generated a 1997-nt deletion of genomic DNA extending from the site of the U1-which contains two embedded sets of RS dipeptide repeats called RS domains (Arg-rich, 31% identical) and 70K 1 insertion in the 5Ј UTR through the open reading frame, ending in the 3Ј UTR ( Figure 1B) . As was oba poorly conserved C-terminal domain (C-term, 13% identical). Interestingly, in Drosophila, this C-terminal served for U1-70K 1 , homozygous U1-70K ON35 mutant animals complete embryogenesis but do not hatch (data region is expanded at the expense of the arginine-rich region when compared to the human protein. not shown). Similar late embryonic phenotypes are also observed with U1-70K 2 , indicating that all three alleles To determine whether the expanded C-terminal domain is functionally significant, we modified the U1-are genetic nulls.
Functional substitution of the fly C-terminal domain 70K wild-type genomic rescue construct by replacing the endogenous C-terminal domain (amino acids 353-448) by the human C-terminal domain: The structural organization of U1-70K is conserved between humans and with the human C-terminal domain (HC-term, amino acids 395-437; see Figure 3A ). Transgenic lines carrying flies, with sequence similarity extending over the entire length of the protein ( Figure 1A) . The amino-terminal this construct (designated P{HCterm}) were generated and tested for function by genetic complementation. half of U1-70K is highly conserved and consists of a 102-amino-acid N-terminal domain of unknown function Specifically, the ability of the chimeric construct to res- dress what the function of the C-terminal domain is, leaving open the possibility that the C-terminal domain is dispensable altogether. The arginine-rich domain, with its embedded RS ditor P{HCterm} is not detectable on Western blots under conditions where the parental P{genomic} transgene peptide repeats, is dispensable: A number of studies have led to the general conclusion that the U1-70K argininecould be detected easily ( Figure 3B ). It is not clear why the antibody, which is made against the N-terminal end rich domain, with its embedded RS dipeptide repeats, is critical for linking the U1 snRNP to other splicing of the protein, does not recognize the transgenic proteins. Clearly, the transgenes are functional, as judged factors during the course of spliceosome assembly (see Introduction). We tested the importance of this domain by their ability to rescue the lethal phenotype. Perhaps the epitope is masked in the fusion proteins; or perhaps in vivo by modifying the P{HCterm} construct such that the 138-amino-acid arginine-rich region (amino acids 215-the level of expression changes dramatically during development and drops below the level of detection dur-352) is deleted (see Figure 3) . Surprisingly, a single copy of the resulting P{⌬Rrich-HCterm} transgene also provided ing adulthood. The arginine-rich domain becomes essential in a snf sufficient activity to complement the lethal phenotype of U1-70K males and females (Table 1 ). The robust mutant background: Although our finding that U1-70K ON35 /U1-70K 2 ; P{⌬Rrich-HCterm} animals are wild rescue of the lethal phenotype indicates that in an otherwise wild-type background the absence of the argininetype indicates that the loss of RS-mediated events does not disrupt U1 snRNP function sufficiently to impair rich domain does not have a major effect on U1-70K function.
viability, a subtle effect on U1 snRNP function cannot be ruled out. In an earlier study, we proposed a similar To allow a more rigorous interpretation of these genetic data, we assayed the expression of the endogenous and scenario to explain why SNF, the counterpart of the mammalian U1A protein, is also , is viable even though it encodes a protein that is not stably associated with the U1 snRNP. Despite the tein null alleles. To our surprise, we found that the protein produced by P{⌬Rrich-HCterm} and its progenilack of phenotype, it nevertheless seemed likely that U1 (Gottschalk et al. 1998; Rigaut et al. 1999; Mount and Salz 2000) . Here, we provide evidence that U1-70K is an essential A striking outcome of our studies is the finding that splicing factor by demonstrating that null mutations are embryonic lethal. Our finding that U1-70K is essential U1-70K can accomplish its vital function in the absence /CyO males carrying a single copy of the appropriate transgene on the third chromosome, and the resulting progeny were scored. The transgene is recognized and followed by the expression of the white ϩ mini-gene included in each construct. 
